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The forward LHCb acceptance offers the possibility of measuring the top-quark pair asymmetry
in a kinematic region that does not receive overwhelming dilution from the symmetric gluon-fusion
channel. To investigate this possibility, two leptonic final states are identified, and analysis strategies
are proposed for each channel with 14 TeV data. Leading fixed-order predictions are then provided
for the relevant leptonic asymmetry variables in each channel. If backgrounds can be experimentally
constrained, statistically, a non-zero asymmetry is estimated to be observable beyond 5σ confidence
level with the full LHCb 14 TeV data.
INTRODUCTION
Top-quark production has so far not been observed at
very high pseudorapidity1. As the LHCb detector is in-
strumented in this region of phase space, it is important
to investigate the feasibility of measuring the properties
of top-quark production with the available and expected
future LHCb data.
At the LHC, top-quarks are predominantly pair pro-
duced via the strong interaction. This production chan-
nel is therefore statistically the most promising for per-
forming precision measurements in an extreme kinematic
region. Besides the statistical benefits, measurements of
forwardly produced top-quark pairs are also well moti-
vated, as they provide sensitivity to partons within the
colliding protons with both moderate- and large-x mo-
mentum fractions.
An interesting consequence of this kinematic sensitiv-
ity is that the relative contribution of quark-initiated
subprocesses increases for forwardly produced top-quark
pairs — a result of the relative decline of the gluon with
respect to the valence quark PDF at large-x. Within
the Standard Model (SM), an asymmetry exists in the
production of top-quarks pairs [2–5] which results in
an asymmetric angular distribution of top- and antitop-
quarks. This asymmetry arises from quark-initiated sub-
processes of the form qq¯ → tt¯X, where X = g, γ, Z, W±
denotes a particular final state2. At a hadron collider,
observing such a final state asymmetry relies on the pres-
ence of an asymmetry in the initial state PDFs. Asym-
metry measurements at LHCb, as originally suggested
in [6], are therefore well motivated as the asymmetry be-
tween the quark and antiquark PDFs increases at large-x.
The contribution arising from the symmetric gluon-fusion
(gg) subprocess which dilutes the asymmetry is also rela-
1 The LHCb collaboration has now observed top quark produc-
tion [1] with the Run-I data. This measurement is statistically
limited, and the focus of this study will be for Run-II measure-
ments where the statistical reach is extended significantly.
2 By crossing symmetry, subprocesses of the form q(g/γ) → tt¯q
also contribute to the asymmetry.
tively suppressed for forwardly produced top-quark pairs.
3
Measurements of the charge asymmetry in the forward
region are also experimentally well motivated, as both
the CDF [10, 11] and D0 [12–14] experiments at the Teva-
tron observe asymmetries larger than the corresponding
predictions in the SM. Although the overall tension is
rather small, there is some indication that this discrep-
ancy increases for very forwardly (backwardly) produced
(anti)top-quarks. Measurements at the LHC have al-
ready been performed [15–18], but have been so far in-
conclusive in confirming or refuting the behaviour ob-
served at the Tevatron. Although performed with higher
statistics, asymmetry measurements in the central re-
gion at the LHC will remain challenging as the observ-
able asymmetric cross section is substantially diluted by
the symmetric gg channel. It is worth noting that there
have been several proposals [19–21] which indicate that
central measurements at CMS and ATLAS may avoid
these overwhelming dilution effects if associated produc-
tion processes or carefully selected kinematic observables
are studied.
Due to the limited forward acceptance of the LHCb
detector, only partial reconstruction of the full tt¯X fi-
nal state is possible. However, as has been previously
pointed out in [6], reasonable event rates in the single-
lepton final state tt¯X → lb are achievable with suitable
analysis cuts. An asymmetry can then be inferred by
measuring the rate of l+b to l−b events. In this work,
the signal and background rates for this channel are re-
assessed at
√
s = 14 TeV where the proposed measure-
ment becomes statistically feasible. In addition to this,
measurements of the di-lepton final state tt¯X → µeb are
also discussed. Although statistically less promising, this
channel opens the possibility of measuring the rapidity
difference of reconstructed leptons on an event-by-event
basis, and is also essentially free of background. In what
3 This argument also applies to c- and b-quark heavy quark pair
asymmetries, and was the motivation for the LHCb measurement
of b-quark asymmetry at 7 TeV [7]. However, this measurement
is consistent with the corresponding SM prediction [8, 9].
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2follows, a set of analysis cuts are selected for each of
these final states, after considering the relevant back-
ground rates, and fixed-order predictions are provided
for relevant asymmetry observables at the leptonic level.
STRUCTURE OF PREDICTION
Before studying specific leptonic final states, it is im-
portant to review the structure of the asymmetry pre-
diction. As demonstrated in [4, 5], the dominant con-
tribution arises from the interference of amplitudes at
next-to-leading order (NLO) which are relatively odd un-
der interchange of final state top- and antitop-quarks —
of which the most significant contribution is the purely
QCD effect of O(α3s). In addition to pure QCD, mixed
QCD-electroweak (-EW) effects of O(α2sαEW), where ei-
ther a single photon or Z boson is present in the squared
amplitude, also contribute to the asymmetry. As well as
these amplitude effects, there is also a purely electroweak
(EW) contribution to the asymmetry which arises at LO
due to the presence of both axial and vector couplings
to fermions present in γ-Z and Z-Z interference. The
prediction for the asymmetry is therefore cast in terms
of a Taylor series expansion in powers of the strong (αs)
and EW (αEW) couplings in the following way
A =
α3sσ
s(1)
a + α2sαEWσ
EW(1)
a + α2EWσ
EW(0)
a + · · ·
α2sσ
s(0)
s + α3sσ
s(1)
s + · · ·
,
= αs
σ
s(1)
a
σ
s(0)
s
+ αEW
σ
EW(1)
a
σ
s(0)
s
+
α2EW
α2s
σ
EW(0)
a
σ
s(0)
s
+ · · · .
(1)
In this notation σ
s(1)
a and σ
EW(1)
a represent the purely
QCD and mixed QCD-EW asymmetric effects arising at
NLO, σ
EW(0)
a is the purely EW asymmetric effect aris-
ing at LO, and σ
s(0)
s is the symmetric QCD contribution
arising at LO. In the same fashion as [22–24], the expan-
sion in (1) is truncated to avoid terms containing σ
s(2)
a ,
which is currently unavailable for unstable top-quarks.
It should be noted that this term has now been com-
puted for stable top-quarks at the Tevatron [25], and is
observed to be both positive and of comparable size to
the aforementioned mixed QCD-EW contribution.
As previously discussed, the considered final states
never involve fully reconstructing top-quarks, and conse-
quently the asymmetry is accessed by studying the angu-
lar distributions of leptonic top-quark decays. The decay
of top-quarks is included at LO by factorising the full am-
plitude into production and decay amplitudes, under the
assumption that the top-quarks are produced on-shell.
To obtain the O(α3s) contribution to the numerator,
an adapted version of the publicly available MCFM [26, 27]
program is used, which separates the individual contri-
butions from the uu¯, dd¯, ug, and dg subprocesses. The
O(α2sαEW) can then be (approximately) obtained from
these results by applying a rescaling of couplings and
colour factors. From diagram inspection, the ratio of the
O(α2sαEW) to the O(α3s) results for qq¯- and qg-initiated
states are given by
RXqq¯(µ) =
36QXq Q
X
t αe
5αs
, RXqg(µ) =
24QXq Q
X
t αe
5αs
, (2)
where QXq and Q
X
t refer to the relevant quark and top-
quark charges and αe denotes the electromagnetic cou-
pling. The electromagnetic contribution is found by in-
cluding the relevant electromagnetic quark charges Qe.
The weak contribution is found with the replacement
Qw = (2τ3 − 4s2wQe)/4swcw, where τ3 and (c)sw are
weak isospin and the (co)sine of the weak mixing an-
gle θw respectively. The first replacement is exact
4, and
the second replacement is valid under the assumption
mZ/
√
sˆ  1. For the forward region of phase space
considered in this work, this approximation is estimated
to account for ' 0.95 of the full effect — this is found
by comparing the full and rescaled result for stable top-
quarks when both top-quarks are within the LHCb ac-
ceptance. The O(α2EW) contribution is also available in
MCFM, and has been extended to include hadronic W bo-
son decays, which is necessary for the single-lepton final
state. The numerical accuracy of the results is estimated
to be O(1%), which is found by generating 100 statisti-
cally independent samples and calculating the standard
deviation. In the qg channels the accuracy is slightly
poorer, however the contribution of this channel to the
total asymmetry is relatively always below 10%. The
running of s2w(mZ) = 0.231, and αe(mZ) = 1/128 are
considered at one-loop.
Finally, the dependence on the choice of PDFs and
scales is evaluated in the following way. The numerator
of each asymmetry is computed with NNPDF2.3 NLO
PDFs with αs(mZ) = 0.119 [28]. The denominator is
then computed with the LO 0.119, LO 0.130, and NLO
0.119 NNPDF2.3 PDFs. A scale uncertainty is evalu-
ated by simultaneously computing the numerator and de-
nominator of each asymmetry for a specific scale choice
µF = µR = µ = {mt/2,mt, 2mt}. The central value is
then found by averaging these three predictions, and an
uncertainty is associated to the total envelope. The top
mass is fixed at mt = 173.25 GeV throughout.
SINGLE-LEPTON ASYMMETRY
The single-lepton final state refers to the partially re-
constructed process tt¯ → lbX, in which a single lepton
and b-jet are registered by the detector. A differential
4 Excluding the negligible contribution from the qγ-initiated sub-
process.
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FIG. 1. Stacked contributions from signal and background
processes to the symmetric cross section in the single-lepton
channel at 14 TeV. Analysis cuts and relevant efficiencies have
been applied to all processes. See text for details.
asymmetry can then be inferred by measuring the rate
of l+ to l− tagged events as
dAl
dηl
=
(
dσl
+b/dηl − dσl−b/dηl
dσl+b/dηl + dσl
−b/dηl
)
, (3)
where both the b-jet and lepton are required to be within
the LHCb kinematic acceptance of 2.0 < η < 4.5. Before
studying the properties of this final state, it is necessary
to include analysis cuts to manage the various sources of
background.
The main backgrounds are identified as single top,
W+(b)jets, Z+(b)jets, and QCD. In accordance with
LHCb trigger requirements, a minimum pT of 20 GeV is
required for all leptons. It is also necessary to introduce
an isolation criterion ∆R(l± , jet) ≥ R, which ensures the
QCD contamination is negligible [6]. To apply this iso-
lation, jets are clustered with the anti-kt algorithm [29]
with the choice R = 0.5. Events in which two oppositely
charged leptons simultaneously pass these analysis cuts
are vetoed, and are considered in the di-lepton analysis.
Throughout the single-lepton analysis, a b-tagging mis-
tag rate of 1.4% is applied to light jets — this is motivated
by LHCb analyses which suggest a mis-tag rate of 1%
with an associated efficiency of 70% is achievable [30, 31].
A pT cut of 60 GeV is placed on this b-jet.
The contribution from signal and background to the
symmetric cross section, including the discussed analysis
cuts and efficiencies, is shown in Fig. 1. Note that the
contribution from each process has been stacked. The
background samples are simulated using POWHEG [32–35]
with the central CT10w PDF set [36] and then subse-
quently matched to Pythia8176 [37] — the only excep-
tion is Z + bjets where the matrix element is produced
using MadGraph5 [38] with CTEQ6ll. In the case of single
top, only the t-channel process is considered, and an un-
certainty is associated to the difference between 4- and 5-
flavour scheme predictions. The 4-flavour inclusive cross
section is also normalised to that of the 5-flavour predic-
tion. For all (N)LO+PS background samples, jet recon-
struction is performed with the FastJet software [39],
and b-jets are found by matching b-quarks to jets at the
parton level. The shown tt¯ sample in Fig. 1 is gener-
ated at LO with NLO 0.119 NNPDF2.3 PDFs. In this
work, the signal process is studied with NNPDF PDFs as
they provide updated sets at (N)LO with varying choices
of αs(mZ). This is important for evaluating the uncer-
tainty of the signal asymmetry prediction, which is con-
sidered by computing the denominator with these dif-
fering PDFs. The background samples are taken from
previous work [40].
The contributions to the inclusive asymmetry, with
the discussed analysis cuts applied, from the various tt¯
subprocesses are now provided. The prediction for the
numerator at various scale choices is provided in Ta-
ble I, while the corresponding denominator and asym-
metry predictions are provided in Table II.
N l (fb) µ = mt/2 µ = mt µ = 2mt
O(α3s)
uu¯ 55.62 40.84 31.56
dd¯ 23.15 16.99 13.05
ug 1.79 1.02 0.65
dg 0.72 0.45 0.26
≈ O(α2sαEW) 9.72 7.90 6.67
O(α2EW) 0.81 0.78 0.77
Total 91.80 67.96 52.95
TABLE I. Signal contribution the numerator of the inclusive
leptonic rate asymmetry at 14 TeV. The analysis cuts dis-
cussed in the text have been applied.
Dl (fb), 14 TeV
PDF µ = mt/2 µ = mt µ = 2mt A
l (%)
NLO 119 4626 3512 2742 1.95 (3)
LO 119 6225 4663 3586 1.47 (1)
LO 130 6761 4961 3752 1.38 (3)
TABLE II. Signal contributions to the denominator and lep-
tonic rate asymmetry at 14 TeV. The analysis cuts and effi-
ciencies discussed in the text have been applied.
The resultant scale uncertainty, evaluated from simul-
taneous scale variation of both numerator and denomi-
nator, is extremely small in all cases. The O(α3s) con-
tribution to the numerator exhibits similar scale depen-
dence to the denominator of the asymmetry (LO symmet-
ric QCD) and introduces an artificial cancellation of the
evaluation of possible higher-order effects. On the other
hand, the choice of PDFs used in the evaluation of the LO
symmetric QCD cross section has a large impact on the
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FIG. 2. Differential leptonic rate asymmetry as a function of
lepton pseudorapidity at 14 TeV. The choice of analysis cuts,
and PDFs used for the computation of the numerator and
denominator are highlighted.
asymmetry. This is mainly a consequence of the differ-
ence in the behaviour of the gluon PDF for values of x >
0.1 for LO and NLO PDFs. In this region, the considered
NLO gluon PDF is substantially softer in comparison to
both LO 119 and LO 130 gluon PDFs. When comput-
ing the symmetric NLO cross section, higher-order cor-
rections and the presence of the qg-initiated subprocess
compensate this effect. The absence of these effects in the
computation of the LO cross section results in an under-
estimation of the symmetric cross section σss(0) — hence
an overestimation of the asymmetry. As a conservative
approach, the resultant asymmetry in all three cases is
provided. Recent work [25, 41] has shown that this un-
certainty is reduced with the inclusion of higher-order
terms.
The central differential leptonic rate asymmetry is pre-
sented as function of lepton pseudorapidity in Fig. 2. The
dependence of the resultant asymmetry on the choice of
PDFs used for the computation of the denominator has
also been highlighted. The uncertainty due to scale vari-
ation is negligible and therefore not included.
The signal contribution to the asymmetry is signif-
icant, particularly at large ηl where the asymmetry
reaches (3-8)%. To experimentally extract this signal,
it is however necessary to precisely know the background
contribution to the asymmetry. This is demonstrated
in Fig. 3, where the contributions from both signal and
background processes to the numerator of the asymmetry
are shown.
The background contributions depend on the b-tagging
mis-tag rate and associated efficiency in a non-trivial way,
which will ultimately limit the precision of an asymme-
try measurement in this channel. In principle, an ex-
perimental background fit performed across several dif-
ferent final states — such as lj, lbj, lbb — should pro-
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FIG. 3. Stacked signal and background contributions to the
numerator of the total leptonic rate asymmetry at 14 TeV.
vide adequate knowledge of the backgrounds for the con-
sidered lb final state. Assuming these experimental un-
certainties are under control, the statistical feasibility of
such a measurement can be estimated by considering the
background-subtracted tt¯ sample. This is computed ac-
cording to δA =
√
(1−A2)/N , where the number of
events N is found by applying a lepton efficiency of 75%
(an approximate trigger effect), a b-tagging efficiency of
70%, and assuming an integrated luminosity of 50 fb−1
— the expected data collected by 2030 [42]. The statisti-
cal significance is large-xcomputed for the three scenarios
considered in Table II by computing the expected num-
ber of events for the scale choice µ = mt. Even in the
worst case scenario (the lower cross section), the expected
number of signal events is ∼ 1e5. In all three cases, the
statistical significance (A/δA) of measuring a non-zero
asymmetry exceeds ∼ 5σ. It should be noted that this
analysis is rather naive, in that perfect background sub-
traction has been assumed. However, it indicates that
such an asymmetry measurement is statistically possible
with the expected data if backgrounds can be controlled.
DI-LEPTON ASYMMETRY
With the large amount of data expected by 2030, mea-
surements in the di-lepton channel at LHCb also be-
come feasible. As previously mentioned, by consider-
ing the partially reconstructed final state tt¯ → µebX,
it becomes possible to measure the rapidity difference of
reconstructed leptons on an event-by-event basis. A dif-
ferential asymmetry can then be inferred by measuring a
forward-backward asymmetry as
dAllfb
d∆y
=
(
dσµeb(∆y > 0)− dσµeb(∆y < 0)
)
/d∆y
dσµeb/d∆y
, (4)
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FIG. 4. Stacked contributions from signal and background
processes to the symmetric cross section in the di-lepton chan-
nel at 14 TeV. Analysis cuts and relevant efficiencies have been
applied to all processes. See text for details.
where ∆y = yl+ − yl− , and both leptons and the b-jet
are within the acceptance 2.0 < η < 4.5. The choice of
opposite flavour leptons is required to remove, the other-
wise overwhelming, Z background processes. With this
requirement in place, the main backgrounds are identi-
fied as Z → ττ , WW , WZ, tW , and QCD. In a similar
fashion to the single-lepton analysis, leptons are required
to be isolated, and to have a minimum pT of 20 GeV. In
this analysis, a pT cut of 20 GeV is also placed on the b-
jet, and a looser b-tagging mis-tag rate of 5% is assumed
in favour of efficiency.
The contribution from signal and background to the
symmetric cross section is shown in Fig. 4. The back-
ground samples are simulated using POWHEG [43, 44] with
the central CT10w PDF set, and then subsequently
matched to Pythia8176. The QCD background, which is
expected to arise from multi-jet production, is not con-
sidered in this study. It is possible to account for this
background experimentally by measuring the event rate
and kinematic distributions of same-sign µ and e leptons.
Internal studies with the 8 TeV data at LHCb indicate
that, after isolation and impact parameter cuts, the QCD
contribution is expected to be below 10% of the tt¯ sig-
nal [45].
Following the procedure adopted for the single-lepton
final state, the prediction for the numerator at various
scale choices is provided in Table III, while the corre-
sponding denominator and asymmetry predictions are
provided in Table IV.
The statistical significance of a measurement in this
channel is also estimated applying the procedure adopted
in the single-lepton analysis. Under the same assump-
tions, with the exception of a looser b-tagging efficiency
of 90%, leads to δAstat. ≈ (1.5-1.9)%, which slightly ex-
ceeds the corresponding prediction of Allfb = (0.9-1.4)%.
N llfb (fb) µ = mt/2 µ = mt µ = 2mt
O(α3s)
uu¯ 0.977 0.709 0.536
dd¯ 0.344 0.239 0.181
ug 0.095 0.070 0.045
dg 0.031 0.021 0.013
≈ O(α2sαEW) 0.187 0.153 0.126
O(α2EW) 0.006 0.005 0.005
Total 1.642 1.198 0.907
TABLE III. Signal contribution to the numerator of the in-
clusive leptonic forward-backward asymmetry at 14 TeV. The
analysis cuts discussed in the text have been applied.
Dllfb (fb), 14 TeV
PDF µ = mt/2 µ = mt µ = 2mt A
ll
fb (%)
NLO 119 110.4 85.0 67.4 1.41 (8)
LO 119 160.7 120.7 93.3 0.99 (3)
LO 130 176.6 130.0 98.8 0.92 (1)
TABLE IV. Signal contribution to the denominator and lep-
tonic forward-backward asymmetry at 14 TeV. The analysis
cuts and efficiencies discussed in the text have been applied.
Although statistically limited, this final state is still in-
teresting as it is extremely clean. Cross section measure-
ments in this final state will also become important for
constraining the gluon PDF at large-x. For the suggested
analysis cuts, the average incoming parton momentum
fractions are 〈x1〉 = 0.37 and 〈x2〉 = 0.01. Within a
year of running at 14 TeV, the expected number of signal
events is ∼ 300 corresponding to a statistical uncertainty
of 6%. As discussed in [40], such experimental precision is
already sufficient to place constraints on the gluon PDF
beyond x = 0.1.
CONCLUSIONS
Leptonic top-quark asymmetry measurements at
LHCb with the full data at 14 TeV are statistically feasi-
ble. A Measurement in the single-lepton final state is
particularly promising, but will require careful exper-
imental consideration of backgrounds — in particular,
precision cross section and asymmetry measurements of
the W+jets process within the LHCb acceptance [46] will
be crucial. Within the first year of data taking at 14 TeV,
there will be sufficient statistics to warrant a dedicated
asymmetry measurement. In the considered di-lepton fi-
nal state, background rates are extremely low which al-
lows for clean differential cross section measurements to
be performed. Asymmetry measurements in this channel
should also be pursued, however it is likely they will be
statistically dominated even with the full data.
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APPENDIX
The contribution of the various sources of background
to the numerator and the denominator of the single-
lepton (lb) asymmetry are provided in Table V and Ta-
ble VI respectively. The central value of the signal pro-
cess generated with NLO 119 PDFs, which is shown in
Fig. 1 and Fig. 3, is also included. In Table VII, the
central value of signal (generated with NLO 119) and
the tW background contribution to the denominator of
the dilepton (µeb) asymmetry are provided — the other
backgrounds are negligible.
Dl (fb) Lepton pseudorapidity bins
subprocess 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5
tt¯(µ = mt) 1638.5 1086.7 544.8 195.2 46.3
W jets(×0.14) 518.9 507.3 400.8 240.6 103.6
Wbjets 366.4 300.5 200.3 100.3 36.1
ST, t-ch 264.0 209.3 124.5 52.5 15.0
Zbjets 153.1 98.0 44.9 15.4 2.9
Zjets(×0.14) 58.8 48.6 34.6 17.4 6.5
TABLE V. Denominator of the asymmetry Al for the lb final
state. Contributions from signal and background are pro-
vided. Note that a mis-tag rate of 0.14 has been subprocesses
containing light jets.
N l (fb) Lepton pseudorapidity bins
subprocess 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5
tt¯(µ = mt) 12.5 22.2 19.2 10.5 3.6
W jets(×0.14) 145.6 143.1 93.0 35.9 6.4
Wbjets 126.0 87.2 42.6 11.5 0.4
ST, t-ch 87.8 78.3 50.3 22.5 6.9
TABLE VI. Numerator of the asymmetry Al for the lb final
state. Contributions from both signal and background are
provided. Note that a mis-tag rate of 0.14 has been subpro-
cesses containing light jets.
[1] LHCb, R. Aaij et al., First observation of top quark
production in the forward region, Phys. Rev. Lett. 115
(2015), no. 11 112001, arXiv:1506.0090.
Dllfb (fb) Lepton rapidity difference bins
subprocess 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5
tt¯(µ = mt) 47.7 24.4 9.7 2.8 0.4
tW 4.7 2.7 1.2 0.4 0.1
TABLE VII. Denominator of the asymmetry Allfb for the µeb
final state. Contributions from both signal and background
are provided.
[2] F. Halzen, P. Hoyer, and C. Kim, Forward - Backward
Asymmetry of Hadroproduced Heavy Quarks in QCD,
Phys. Lett. B195 (1987) 74.
[3] P. Nason, S. Dawson, and R. K. Ellis, The One Parti-
cle Inclusive Differential Cross-Section for Heavy Quark
Production in Hadronic Collisions, Nucl. Phys. B327
(1989) 49.
[4] J. H. Kuhn and G. Rodrigo, Charge asymmetry in
hadroproduction of heavy quarks, Phys. Rev. Lett. 81
(1998) 49, arXiv:hep-ph/9802268.
[5] J. H. Kuhn and G. Rodrigo, Charge asymmetry of
heavy quarks at hadron colliders, Phys. Rev. D59 (1999)
054017, arXiv:hep-ph/9807420.
[6] A. L. Kagan, J. F. Kamenik, G. Perez, and S. Stone,
Top LHCb Physics, Phys. Rev. Lett. 107 (2011) 082003,
arXiv:1103.3747.
[7] LHCb, R. Aaij et al., First measurement of the charge
asymmetry in beauty-quark pair production, Phys. Rev.
Lett. 113 (2014), no. 8 082003, arXiv:1406.4789.
[8] R. Gauld, U. Haisch, B. D. Pecjak, and E. Re,
Beauty-quark and charm-quark pair production asym-
metries at LHCb, Phys. Rev. D92 (2015) 034007,
arXiv:1505.0242.
[9] C. W. Murphy, Bottom-Quark Forward-Backward and
Charge Asymmetries at Hadron Colliders, Phys. Rev.
D92 (2015), no. 5 054003, arXiv:1504.0249.
[10] CDF Collaboration, T. Aaltonen et al., Measurement of
the top quark forward-backward production asymmetry
and its dependence on event kinematic properties, Phys.
Rev. D87 (2013) 092002, arXiv:1211.1003.
[11] CDF Collaboration, T. A. Aaltonen et al., Measurement
of the leptonic asymmetry in ttbar events produced in
ppbar collisions at sqrt(s)=1.96 TeV, Phys. Rev. D 88,
072003 (2013) , arXiv:1308.1120.
[12] D0 Collaboration, V. M. Abazov et al., Measurement of
the forward-backward asymmetry in top quark-antiquark
production in ppbar collisions using the lepton+jets chan-
nel, arXiv:1405.0421.
[13] D0 Collaboration, V. M. Abazov et al., Measurement
of the forward-backward asymmetry in the distribution
of leptons in tt¯ events in the lepton+jets channel,
arXiv:1403.1294.
[14] D0 Collaboration, V. M. Abazov et al., Measurement of
the asymmetry in angular distributions of leptons pro-
duced in dilepton ttbar final states in pp¯ collisions at√
s = 1.96 TeV, arXiv:1308.6690.
[15] ATLAS Collaboration, Measurement of the charge asym-
metry in dileptonic decay of top quark pairs in pp col-
lisions at
√
s = 7 TeV using the ATLAS detector,
Tech. Rep. ATLAS-CONF-2012-057, CERN, Geneva,
Jun, 2012.
7[16] CMS Collaboration, S. Chatrchyan et al., Measurements
of the tt¯ charge asymmetry using the dilepton decay chan-
nel in pp collisions at
√
s = 7 TeV, arXiv:1402.3803.
[17] CMS Collaboration, Combination of ATLAS and
CMS ttbar charge asymmetry measurements using LHC
proton-proton collisions at 7 TeV, Tech. Rep. CMS-PAS-
TOP-14-006, CERN, Geneva, 2014.
[18] CMS Collaboration, Measurement of the ttbar charge
asymmetry with lepton+jets events at 8 TeV, Tech. Rep.
CMS-PAS-TOP-12-033, CERN, Geneva, 2013.
[19] S. Berge and S. Westhoff, Top-Quark Charge Asymmetry
Goes Forward: Two New Observables for Hadron Collid-
ers, JHEP 1307 (2013) 179, arXiv:1305.3272.
[20] J. Aguilar-Saavedra, E. lvarez, A. Juste, and F. Rubbo,
Shedding light on the tt¯ asymmetry: the photon handle,
JHEP 1404 (2014) 188, arXiv:1402.3598.
[21] F. Maltoni, M. Mangano, I. Tsinikos, and M. Zaro,
Top-quark charge asymmetry and polarization in ttW
production at the LHC, Phys. Lett. B736 (2014) 252,
arXiv:1406.3262.
[22] J. H. Kuhn and G. Rodrigo, Charge asymmetries of top
quarks at hadron colliders revisited, JHEP 1201 (2012)
063, arXiv:1109.6830.
[23] W. Hollik and D. Pagani, The electroweak contribution to
the top quark forward-backward asymmetry at the Teva-
tron, Phys. Rev. D84 (2011) 093003, arXiv:1107.2606.
[24] W. Bernreuther and Z.-G. Si, Top quark and leptonic
charge asymmetries for the Tevatron and LHC, Phys.
Rev. D86 (2012) 034026, arXiv:1205.6580.
[25] M. Czakon, P. Fiedler, and A. Mitov, Resolving the
Tevatron top quark forward-backward asymmetry puzzle,
arXiv:1411.3007.
[26] J. M. Campbell and R. Ellis, MCFM for the Tevatron
and the LHC, Nucl. Phys. Proc. Suppl. 205-206 (2010)
10, arXiv:1007.3492.
[27] J. M. Campbell and R. K. Ellis, Top-quark processes at
NLO in production and decay, arXiv:1204.1513.
[28] R. D. Ball et al., Impact of Heavy Quark Masses on Par-
ton Distributions and LHC Phenomenology, Nucl. Phys.
B849 (2011) 296, arXiv:1101.1300.
[29] M. Cacciari, G. P. Salam, and G. Soyez, The Anti-
k(t) jet clustering algorithm, JHEP 0804 (2008) 063,
arXiv:0802.1189.
[30] LHCb Collaboration, W. Barter, Current
and future jet measurements with LHCb,
https://cds.cern.ch/record/1610595/files/LHCb-TALK-
2013-338.pdf, Tech. Rep. LHCb-TALK-2013-338,
CERN, Geneva, Oct, 2013.
[31] LHCb, R. Aaij et al., Identification of beauty and charm
quark jets at LHCb, JINST 10 (2015), no. 06 P06013,
arXiv:1504.0767.
[32] S. Alioli, P. Nason, C. Oleari, and E. Re, Vector boson
plus one jet production in POWHEG, JHEP 1101 (2011)
095, arXiv:1009.5594.
[33] S. Alioli, P. Nason, C. Oleari, and E. Re, NLO single-
top production matched with shower in POWHEG: s-
and t-channel contributions, JHEP 0909 (2009) 111,
arXiv:0907.4076.
[34] R. Frederix, E. Re, and P. Torrielli, Single-top t-
channel hadroproduction in the four-flavour scheme with
POWHEG and aMC@NLO, JHEP 1209 (2012) 130,
arXiv:1207.5391.
[35] C. Oleari and L. Reina, W +- b b¯ production in
POWHEG, JHEP 1108 (2011) 061, arXiv:1105.4488.
[36] H.-L. Lai et al., New parton distributions for col-
lider physics, Phys. Rev. D82 (2010) 074024,
arXiv:1007.2241.
[37] T. Sjostrand, S. Mrenna, and P. Z. Skands, A Brief Intro-
duction to PYTHIA 8.1, Comput. Phys. Commun. 178
(2008) 852, arXiv:0710.3820.
[38] J. Alwall et al., The automated computation of tree-level
and next-to-leading order differential cross sections, and
their matching to parton shower simulations, JHEP 1407
(2014) 079, arXiv:1405.0301.
[39] M. Cacciari, G. P. Salam, and G. Soyez, Fast-
Jet User Manual, Eur. Phys. J. C72 (2012) 1896,
arXiv:1111.6097.
[40] R. Gauld, Feasibility of top quark measurements at LHCb
and constraints on the large-x gluon PDF, JHEP 1402
(2014) 126, arXiv:1311.1810.
[41] N. Kidonakis, The top quark forward-backward asymme-
try at approximate N3LO, arXiv:1501.0158.
[42] LHCb collaboration, I. Bediaga et al., Framework TDR
for the LHCb Upgrade: Technical Design Report, Tech.
Rep. CERN-LHCC-2012-007. LHCb-TDR-12, CERN,
Geneva, Apr, 2012.
[43] T. Melia, P. Nason, R. Rontsch, and G. Zanderighi,
W+W-, WZ and ZZ production in the POWHEG BOX,
JHEP 1111 (2011) 078, arXiv:1107.5051.
[44] E. Re, Single-top Wt-channel production matched with
parton showers using the POWHEG method, Eur. Phys.
J. C71 (2011) 1547, arXiv:1009.2450.
[45] H. Brown, T. Bowcock, and D. Hutchcroft, Monitor-
ing Radiation Damage in the Vertex Locator and Top
Pair Production in LHCb, PhD thesis, Liverpool U., Sep,
2013, Presented 07 Nov 2013.
[46] S. Farry and R. Gauld, Prospects for measurements of
W± boson production in association with jets at LHCb,
and PDF constraints at large-x, arXiv:1505.0139.
